We used two approaches to determine whether the mucopolysaccharide chondroitin sulfate is an important source of carbon and energy for Bacteroides thetaiotaomicron in the intestinal tracts of germfree mice. First, we tested the ability of three mutants that grew poorly or not at all on chondroitin sulfate to colonize the intestinal tract of a germfree mouse and to compete with wild-type B. thetaiotaomicron in this model system. One mutant (CG10) was rapidly outcompeted by the wild type. However, since this mutant was unable to grow on chondroitin sulfate because it could not grow on N-acetyl-galactosamine, one of its monosaccharide components, this mutant might also be unable to utilize glycoprotein mucins. Two mutants (46-1 and 46-4) were isolated that grew poorly on chondroitin sulfate but normally on both component sugars. One of them was outcompeted by the wild type, but the percent wild type increased more slowly than with CG10. In one experiment, the percent wild type never reached 100%. The other (46-4) was not outcompeted by the wild type. These results indicate that, although chondroitin sulfate may be a carbon source in the animal, it is not of major importance. Our second approach was to determine by immunoblot analysis whether a 28-kilodalton outer membrane protein that is produced by B. thetaiotaomicron only when it is grown on chondroitin sulfate or hyaluronic acid was being produced at induced level by B. thetaiotaomicron growing in the ceca of exgermfree mice. There was no evidence for induction of this protein in vivo. Thus, the immunoblot results are consistent with results of the mutant competition experiments.
Some human colonic Bacteroides species such as Bacteroides thetaiotaomicron have evolved complex regulated systems for catabolism of mucopolysaccharides (7, 8, 11) . Mucopolysaccharides such as chondroitin sulfate and hyaluronic acid are released into the lumen of the mammalian small intestine during sloughing of mucosal cells, but it is not known how much mucopolysaccharide actually enters the colon each day. A previous study of the composition of high-molecular-weight carbohydrate in human ileal contents showed that the concentration of uronic acid in this fraction was much lower than the concentrations of hexosamines, hexoses, and pentoses (16) . Uronic acids are found primarily in mucopolysaccharides and pectins, whereas hexosamines are found both in mucopolysaccharides and glycoprotein mucins, which indicates that the amount of mucopolysaccharide entering the colon is low compared with other host polysaccharides, such as the glycoprotein mucins, and dietary polysaccharides, such as xylan and cellulose. However, the dietary polysaccharides that are thought to be present in highest concentrations, i.e., cellulose and xylan, are not fermented in B. thetaiotaomicron (12) . Also, B. thetaiotaomicron does not ferment glycoproteins that are similar in structure to human intestinal mucin (12) and, for this reason, is generally assumed not to be a mucin degrader. Thus, polysaccharides such as the mucopolysaccharides that occur in relatively low concentrations cannot be ruled out as potentially important substrates for B. thetaiotaomicron.
Previously, we found that a mutant of B. thetaiotaomicron which no longer produced chondroitinase II (CSase II), an enzyme that accounts for 70% of the total cellular chondroitinase activity, was not outcompeted by the wild type (CSase II+) strain in the intestinal tracts of germfree mice (10) . One possible explanation of this finding is that the mutation was not deleterious in vivo because chondroitin sulfate is not an important source of carbohydrate in the animal. However, since the CSase 11-mutant grew nearly as well as the wild type on chondroitin sulfate in laboratory medium, we could not reach any definite conclusion about the importance of chondroitin sulfate as a source of carbohydrate for organisms growing in the animal.
To assess the importance of chondroitin sulfate as a source of carbohydrate for B. thetaiotaomicron growing in the intestine of a germfree mouse, we needed to test mutants that, unlike the CSase 11-mutant, grow poorly or not at all on chondroitin sulfate. In this paper, we describe the isolation and characteristics of three such mutants and report the results of experiments in which we tested their ability to colonize and compete with the wild type in the intestinal tracts of germfree mice. As a second approach to determining whether chondroitin sulfate is an important source of carbohydrate for B. thetaiotaomicron in the intestine, we have used immunoblotting to determine whether one of the outer membrane proteins that is associated with growth on mucopolysaccharides is produced at induced levels by bacteria growing in the ceca of exgermfree mice. (13) . Accordingly, mutants and Ems derivatives were screened for R751 insertions by colony blot hybridization, with 32P-labeled R751 as a probe. Colony hybridization and nick translation were done as described previously (2, 10) .
MATERIALS AND METHODS
Colonization and competition experiments in germfree mice. The source of the germfree mice and procedures used for their maintenance have been described in the accompanying paper (17 Immunoblot analysis of cecal contents. To determine whether B. thetaiotaomicron was using chondroitin sulfate as a major source of carbon and energy when it was growing in the germfree intestinal tract, we used immunoblot analysis to determine whether proteins regulated by chondroitin sulfate were being produced at induced levels in bacteria taken directly from the cecum of a colonized mouse.
To obtain a bacterial fraction from cecal contents, we diluted each homogenized cecum to 30 ml with potassium phosphate buffer (50 mM; pH 7) and centrifuged the mixture at 500 x g to pellet particulate material. The supernatant fluid was saved, and the pellet was suspended in 30 ml of phosphate buffer and recentrifuged. The two supernatant fractions were combined and centrifuged at 17,000 x g to pellet bacteria. The bacterial pellet was suspended in 30 ml of phosphate buffer. The mixture was centrifuged at 500 x g, the pellet was discarded, and the supernatant fluid was centrifuged at 1,700 x g. This pellet, which should contain all bacteria except those trapped by fibrous material in the cecum, was suspended in 5 ml of distilled water, and bacteria were disrupted by sonication.
The sonicated suspension was centrifuged at 12,000 rpm for 5 min to remove unbroken cells, and the supernatant fluid was centrifuged at 200,000 x g for 3 h to pellet membranes. The membrane fraction was suspended in 0.3 ml of distilled water. The supernatant fluid was lyophilized to dryness and then dissolved in 0.3 ml of distilled water. The membrane and supernatant fractions were loaded onto a 10% polyacrylamide gel, electrophoresed, and then blotted onto Zetaprobe paper (Bio-Rad Laboratories, Richmond, Calif.). Composition of the gel, electrophoresis conditions, and immunoblotting procedure were the same as described previously, except that the conditions described in the Zetaprobe booklet were used (2, 6).
To ascertain that we were recovering B. thetaiotaomicron in the bacterial fraction and, if so, to determine whether we could detect the chondroitin sulfate-regulated proteins on immunoblots if bacteria in the cecum were growing on chondroitin sulfate, we added 2 x 1010 wild-type bacteria, which had been grown in chondroitin sulfate defined medium, to a homogenized cecum from a germfree mouse that had not been colonized with bacteria. The number of bacteria added approximates the number detected in ceca from mice colonized with wild-type B. thetaiotaomicron (10) . The mixture was allowed to stand for 20 min at room temperature to allow cecal proteases to act on the bacteria and was then processed as described above. To detect chondroitin sulfate-associated proteins on the immunoblot, we first tested an antiserum that detects CSase II for the ability to detect this enzyme in the final supernatant solution from the sonicated extracts. We also tested an antiserum that detects a chondroitin sulfate-associated outer membrane protein for the ability to detect this protein in the membrane fraction obtained from the sonicated bacterial fraction as described above. Both antisera have been described previously (3, 6) .
RESULTS
Characteristics CGIO. Several mutants unable to utilize chondroitin sulfate (CS) were obtained by ethyl methanesulfonate mutagenesis. All of these mutants had the same phenotype; i.e., they were CS-because they were unable to grow on N-acetylgalactosamine (NAGal-), one of the component sugars of chondroitin sulfate. All grew normally on glucuronic acid, the other component sugar of chondroitin sulfate. All reverted to CS' at a frequency of 10', and CS4-revertants were NAGal'. Since all of the mutants had the same properties, one of them, CG10, was chosen for use in the colonization studies. When CG1O was mixed with wild type and the mixture was transferred six times in glucose defined medium (about 50 generations), the final mixture was not significantly different from that in the inoculum. Thus, the mutation in CG1O did not have a pleiotropic effect on growth.
Colonization and competition experiments with CG1O. CG1O colonized germfree mice at levels comparable to wild-type B. thetaiotaomicron, i.e., 1 x 10") to 3 x 1010 per g of cecal wet weight. When the mice were killed 7 days after colonization to obtain cecal contents, 1 to 8% of the bacteria in the cecal contents (from all five mice tested) were CS' NAGal+ revertants. This indicated that there was a selection for reversion in vivo. When three mice were colonized with a mixture of CG1O (70%) and wild type (30%), 100% of the bacteria recovered from fecal samples taken on day 3 after colonization had the wild-type phenotype. In a second experiment, also involving three mice, the mixture contained only 3% wild type and fecal specimens were taken 2 days after colonization. In this case, 98 to 100% of the bacteria recovered from all three mice had the wild-type phenotype. Thus, there was clearly a strong selection in the germfree intestinal tract against a strain of B. thetaiotaomicron carrying the CG1O type of mutation.
These results seem to suggest that the ability to utilize chondroitin sulfate is important for survival in vivo. But there is a serious drawback to using CG1O to assess the importance of mucopolysaccharides as carbon sources glucose defined medium. In both cases, the percent wild type after 50 generations was the same as that in the initial mixture.
Colonization and competition experiments with 46-1 and 46-4. Both the Ems 46-1 and the Ems 46-4 mutants colonized three germfree mice at levels of 1 x 1010 to 3 x 1010 per g of cecal contents. That is, they colonized the cecum at levels comparable to the wild type. No evidence of revertants was seen in either case when 80 colonies were picked onto chondroitin sulfate defined medium agar plates from fecal specimens taken 3 weeks after colonization.
Two separate competition experiments, each involving three mice, were done with each mutant. The initial mixture used to colonize the animals contained 15 to 25% wild type. The wild type outcompeted the 46-1 mutant within 10 days in one competition experiment (Fig. 1A) . In the second experiment involving 46-1, the percent wild type rose to about 90% in all three mice during the first 7 to 10 days, but then dropped to about 60% over the next 20-day period (Fig. 1B) .
The 46-4 mutant was not outcompeted by the wild type, although the percent wild type increased during the competition period in both experiments (Fig. 2) . The leveling off of the percent wild type that followed the initial rise in some animals could be explained if loss of R751 by homologous recombination had occurred and if this loss had made the mutant more competitive. To test this, we isolated 36 colonies having the mutant phenotype from fecal specimens obtained from each of the mice in Fig. 2 . Samples from the mice in Fig. 2A were taken after 32 days, and samples from the mice in Fig. 2B were taken after 16 were hybridized with 32P-labeled R751. All of the colonies that had the mutant phenotype contained DNA that crosshybridized strongly with this probe, whereas no hybridization was detectable with wild-type colonies.
Effect of defined diet. If the effect of the various mutations described above was to reduce the ability to utilize chondroitin sulfate, rather than some pleiotropic effect on cell surface properties or growth rate in vivo, the effect ought to be more severe if mice were fed a diet that contained no utilizable polysaccharides. In this case, the bacteria would be forced to rely entirely on host products such as mucopolysaccharides or mucins for survival. To test this, we did some experiments with the defined liquid diet described by Pleasants et al. (9) . In our hands, the mice were healthy for the first 7 Effect of a totally absorbable diet on results of a competition experiment between mutant 46-1 (Rif) and a Rif' derivative of the wild type. The Rif' derivative was used to make the competition between mutant and wild type equal on the chow diet so that differences due to the effect of the defined diet would be more apparent. The solid line shows the outcome of the competition in three mice fed the chow diet. The dashed line shows the outcome of a competition in four mice fed the totally absorbable diet described by Pleasants et al. (9) . We were, however, able to detect B. thetaiotaomicron outer membrane proteins in cecal contents by using a cross-absorbed antiserum that was raised against cells grown on chondroitin sulfate and cross-absorbed with cells grown on glucose. This antiserum detects several constitutive proteins as well as proteins regulated by chondroitin sulfate. Although more than one chondroitin sulfate-associated protein was visible on some blots, especially if the load was heavy, only one of them, a 28-kilodalton (kDa) protein, gave a strong and consistent signal. This protein has been shown previously to be specific for chondroitin sulfate utilization and is not seen in extracts from B. thetaiotaomicron grown on other polysaccharides (6) . Accordingly, we decided that this protein was a suitable indicator of chondroitin sulfate utilization. That is, the relative darkness of this band on immunoblots, compared with the darkness of the constitutive protein band immediately below it in the blot, can be used to determine whether the cells are growing on chondroitin sulfate rather than on some other carbohydrate. The constitutive band thus serves as an internal standard to standardize the amount of extract loaded on the gel. This is particularly important in the case of bacterial extracts from cecal samples because standard protein determinations are unreliable.
When a culture of B. thetaiotaomicron that had been grown on chondroitin sulfate minimal medium was added to germfree cecal contents and then taken through the differential centrifugation procedure to obtain a bacterial membrane fraction, the immunoblot pattern was virtually identical to that of a membrane fraction from bacteria grown in chondroitin sulfate defined medium (Fig. 4) . The immunoblot patterns of bacterial membrane fractions from monoassociated mice is not the same as that of membranes from B. thetaiotaomicron grown on chondroitin sulfate as the sole source of carbohydrate. As can be seen from the darkness of the band below the 28-kDa band, the amount of membrane protein loaded in lanes 1 to 3 is lower than that loaded in lanes 4 to 7. A light band comigrating with the 28-kDa protein can be seen in some of the cecal samples, but the ratio of this band to that below it is clearly less than expected if the bacteria had been growing on chondroitin sulfate as the sole carbohydrate source. The 28-kDa band is generally not seen even in heavy loads of glucose-grown cells (data not shown), so the small amount of this protein seen in some cecal samples could indicate that a partial induction by chondroitin sulfate had occurred. This is the result expected if small amounts of chondroitin sulfate were being used in the mouse cecum, but chondroitin sulfate was not the major carbohydrate source.
A 60-kDa protein is missing in the bacteria added to cecal contents. This protein is also missing in the lanes containing bacteria obtained from colonized exgermfree mice. The absence of this protein could have been due to selective action of proteases in cecal contents. Bacterial membrane fractions from the ceca of monoassociated animals colonized with B. thetaiotaomicron had at least one protein that was not present in the three control lanes (Fig. 4) . These polypeptides could be proteolytic digestion products of larger proteins or they could be proteins that are induced as bacteria adapt to the animal.
In one experiment, we obtained the bacterial membrane fraction from cecal contents of two animals that had been receiving the defined liquid diet for 7 days. The immunoblot pattern of these samples was essentially the same as that shown in Fig. 4, lanes 5 to 8 (data not shown) of polysaccharide that will produce high levels of this protein, especially under conditions encountered by bacteria in the cecum. Also, the proteins detected by the antiserum are outer membrane proteins, and it is possible that proteins that are exposed on the outside of the cell are degraded by cecal proteases. Since the 28-kDa chondroitin sulfate-associated protein did not disappear in cells added to germfree cecal contents and incubated for 20 min at room temperature, it appears not to be very accessible to protease action. Nonetheless, we cannot rule out the possibility that the 28-kDa protein is being selectively degraded by proteases in the colonized animal. Despite these problems, the immunoblot approach appears to be a promising one for probing the activities of specific groups of organisms in vivo. To our knowledge, this is the first attempt to apply this method to an ecological problem.
Although the results of our experiments seem to point to a rather minimal role for mucopolysaccharides as carbon sources in vivo, it should be kept in mind that in the experiments reported here B. thetaiotaomicron is not being forced to compete with other polysaccharide-utilizing species. It is possible that competition from other bacteria in the colonic microflora of conventional animals would cause B. thetaiotaomicron to rely more heavily on mucopolysaccharides than is indicated by the results of experiments involving mice associated with a single species.
That CG10, a mutant that cannot utilize either chondroitin sulfate or N-acetylhexosamines, is at a greater disadvantage in competition with the wild type than is 46-1, which can utilize N-acetylhexosamines, could indicate that B. thetaiotaomicron growing in the intestine relies heavily on the hexosamine-containing glycoprotein mucins. Indirect support for this conclusion also comes from the fact that concentrations of B. thetaiotaomicron were so high (ca. 1010 per g of cecal wet weight) in the ceca of mice eating the defined liquid diet. It is unlikely that enough mucopolysaccharide is being generated from sloughing mucosal cells to support this population level. Thus, the assumption that B. thetaiotaomicron cannot ferment intestinal mucin, an assumption based on the previous finding that B. thetaiotaomicron could not ferment two commercially available glycoprotein mucins, hog gastric and bovine submaxillary (12) mucins, needs to be reevaluated. B. thetaiotaomicron can ferment mucin components such as fucose and hexosamines (12) , and it may be that this organism can ferment some types of glycoprotein mucin.
It is interesting to note that inserted R751 in mutant 46-4 did not interfere with the ability of this mutant to compete (14) . The stability of R751 insertions in vivo could be because none of the genes on this large plasmid are being expressed in Bacteroides spp.
